Introduction
Humic substances involve a variety of environmental issues and pose problems to the water supply industry. The substances require removal to minimize water color, and give rise to potentially mutagenic by-products as a result of chlorination. 1 Their chemical alterations and interactions with coexisting materials are tightly involved with these issues. [1] [2] [3] A great deal of research studies involving a varieties of analysis methods for humic substances, therefore, have been carried out. [4] [5] [6] [7] Separation techniques have been recognized as useful tools for the analysis and characterization of humic substances because they are a mixture of polymers with complicated compositions. There exists a large volume of work employing separation techniques to analyze and characterize them. 8 Capillary electrophoresis (CE) is one of the most promising techniques since it shows remarkable separation performance for the separation of natural polymers, such as proteins and nucleotides. 9 In fact, studies on the helpfulness of CE for analyzing and characterizing humic substances have been published already. 10, 11 We previously reported a powerful CE separation technique for humic substances using a polyacrylamide-coated capillary and an electrophoretic buffer solution containing hydroxyethyl cellulose (HEC). 12 In the method, electroosmotic flow (EOF) must be eliminated by immobilizing polyacrylamide on the capillary inner wall via silane coupling treatment followed by in-capillary polymerization 13 to avoid the delay of separation time since humic substances are polyanions with large electrophoretic mobility against the direction of EOF. Though the separation performance of the method is excellent, the procedure for preparing the polyacrylamide-coated capillary is troublesome. In addition, the capillary coating procedure is not always completed for all the capillaries prepared. Thus, a hassle-free and useful technique for coating the capillary inner wall is desired.
Along with the complicated procedure for preparation, attention must be paid to the cost, stability, and durability of the coated capillary. Another strategy for capillary coating to eliminate EOF other than "permanent" coating through covalent bonding is the dynamic coating method, [14] [15] [16] and this method is quite promising from a practical point of view. The use of dynamic coating can significantly improve the routine performance of CE and the repeatability of migration time between capillaries.
14,15 A quite simple dynamic coating method using a non-ionic polymer, such as polyethylene glycol (PEG) or HEC, has been established. 17 The polymer was immobilized on the capillary inner wall via hydrogen bonding to the surface silanol groups by flushing the capillary with an acidic aqueous polymer solution after filling the capillary with HCl solution. While this procedure is quite simple, there is a problem that the coated capillary is only use in acidic and neutral conditions. It is recommended that the coated capillary for the analysis of humic substances in natural environmental water samples would be stable even at slightly basic conditions since the pH of natural water sometimes ranges over 8. 18 Only the dynamically coated capillary prepared by the successive multiple ionic polymer 2013 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. A simple, rapid, and precise dynamic coating capillary electrophoretic separation method for water-soluble humic substances is proposed. An aqueous solution containing hydroxyethyl cellulose (HEC), polyethylene glycol (PEG), and pH buffer component was employed for both the dynamic coating agent and the separation medium. The procedure for the coating of the capillary inner wall was simply filling the buffered polymer mixture solution into the capillary that had been treated with 1 M aqueous HCl solution. The solution for the capillary coating was directly used as the electrophoretic buffer solution for CE separation. Excellent performance for the separation of humic acid was obtained using the solution containing 0.5% (w/v) HEC, 1.0% (w/v) PEG 10000, and 0.1% (w/v) PEG 8000000. Excellent reproducibility and durability were obtained even at slightly alkaline conditions at pH levels above 8. The separation of 0.1 -2 kbp of DNA ladder by the proposed method showed was also achieved.
Keywords Capillary electrophoresis, dynamic coating, hydroxyethyl cellulose, polyethylene glycol, humic acid, DNA ladder Notes layers technique 19 is suitable for used in alkaline conditions, but the technique is not suitable for eliminating EOF. We present here a dynamic coating-based CE separation method for water soluble humic substances that improves operability, repeatability, and durability by employing an aqueous solution of mixed non-ionic polymers of different types and molecular weight as both the dynamic coating agent and the separation medium. The procedure for capillary treatment and CE analysis entails simply flushing the capillary with an acidic solution followed by filling the electrophoretic buffer solution containing polymers.
Experimental
Reagents HEC was purchased from Wako Pure Chemical Industries Ltd. PEG 10000 and PEG 8000000 were both from Sigma-Aldrich Japan K.K. Commercially available humic acids (HA) were purchased from Sigma-Aldrich Japan and were hereafter referred to as (Aldrich HA). DNA ladder of 0.1 -20 kbp was purchased from Promega K.K. All other reagents used were of analytical grade.
Procedure for CE separation
CE separation was performed on an Agilent CE system with the constant voltage operation mode set at -15 or -20 kV, using a GL Sciences (Tokyo, Japan) fused silica capillary (i.d., 50 μm, o.d., 330 μm). The total length (L) and the effective length (l) of the capillary used were 33.5 and 25 cm, respectively. The capillary used was washed with aqueous solution of 0.1 M NaOH followed by water. Then, the capillary was flushed by 1 M HCl aqueous solution followed by filling with an electrophoretic buffer solution containing 0.5% (w/v) HEC, 1.0% (w/v) PEG 10000, 0.1% (w/v) PEG 8000000, and a pH buffer component. The procedures above were performed before every CE run. The polyacrylamide-coated capillaries were prepared in the same manner as described in an earlier paper. 13 Sample solutions containing 0.5 mg/mL of humic substances were prepared with 10 mM of tris(hydroxymethyl) aminomethane (Tris)/HCl buffer (pH 8.0). All the samples were filtrated by a Millipore (Bedford, MA) Millex syringe-driven filter unit (PTFE membrane, pore size 0.45 μm) before the CE run. A sample injection was performed electrokinetically at the anodic side of the capillary by applying a voltage (-10 kV) for 10 s. Direct photometric detection of 254 nm was performed at the anodic end of the capillary.
Results and Discussion

Dynamic coating CE with non-ionic polymers with hydrogen bonding ability
In the previous method, only HEC, which was used as the separation medium, was added to the electrophoretic buffer solution. 12 On the other hand, it was found that the addition of PEG 10000 to the electrophoretic buffer solution slightly improved CE resolution. 20 An electrophoretic buffer solution containing both HEC and PEG 10000 was, therefore, tested as the first candidate for the solution that served as both the separation medium and the dynamic coating agent in this study. Figure 1 shows the electropherograms of Aldrich HA using a polyacrylamide coating-fused silica capillary tube and the capillary prepared with dynamic coating procedure, both employing the same electrophoretic buffer solution containing HEC, PEG 10000, and 20 mM phosphate buffer (pH 7.0). As seen in Figs. 1(a) and 1(b) , exactly the same electropherograms were obtained by the previous method using a "permanent" polyacrylamide coating capillary ( Fig. 1(a) ) and the dynamic coating method (Fig. 1(b) ). Though it was previously reported that the coated capillary with only HEC or PEG 8000000 via hydrogen bonding between polymers and protonated silanols on the surface of the capillary inner wall was stable only in weakly acidic conditions (below pH 6), 17 the results of this work showed that the capillary coating was stable in neutral conditions, and EOF was completely eliminated at pH 7.0 by employing the mixed polymer. The procedure for capillary coating in our previous method was complicated and took at least 3 h. The procedure was drastically simplified in the proposed method as the coating is achieved just by flushing the electrophoretic buffer solution after washing with HCl solution for a few minutes.
For the analysis of humic substances in natural water samples, the capillary coating should be stable even at weakly alkaline conditions since the pH of natural water is in that range. In the CE separation of basic proteins using the neat electrophoretic buffer solution without polymers and the coated capillary with HEC and PEG by preliminary dynamic coating procedure, though the coated capillary of prepared with the solution containing only PEG 8000000 or PEG 10000 could be used only in lower pH conditions below pH 6, that prepared with the solution containing both PEG 8000000 and PEG 10000 could The polyacrylamide-coated capillaries were prepared in the same manner as described in an earlier paper. 13 be used in higher pH conditions around neutral. 20 Therefore, the addition of PEG of large molecular weight was tested with the expectation that the capillary coating would become firm due to the tangle of polymer chains because it was found that the capillary coating with HEC and PEG 10000 was not stable in weakly alkaline conditions. The concentration of PEG 8000000 was determined by considering experimental operability since the solubility of PEG 8000000 in water is low and it takes a long time for it to completely dissolve in the solution. Figure 1(c) shows the electropherogram of HA using the electrophoretic buffer solution with the addition of 0.1% PEG 8000000. A comparison of the electropherogram in Fig. 1(c) with that of Fig. 1(b) shows that the addition of PEG 8000000 did not bring about a significant improvement in resolution, but an excellent electropherogram was obtained even in slight alkaline conditions. Figure 2 shows the electropherograms of Aldrich HA by the proposed method using the electrophoretic buffer solutions of pH 8.0 with and without PEG 8000000. Though the electropherogram patterns changed compared with those in Fig. 1 due to the conformational change of HA with the change in pH, the general shape of both electropherograms in Fig. 2 is similar. A general increase of the migration time was observed in Fig. 2(b) as compared with Fig. 2(a) . In this case, HA migrates from the negative end to positive end based on its own net electrophoretic mobility without receiving any resistance to opposite direction if the capillary inner wall is completely coated by polymers, as seen in Fig. 2(a) . In the absence of PEG 8000000 (Fig. 2(b) ), the increase of the migration time suggested that EOF arises with a breaking away of a part of the coating of the capillary inner wall with polymers because HA migrates to the positive end while encountering the resistance from the opposite direction due to EOF. The reason for the enhancement of the robustness of the capillary coating in slightly alkaline conditions with the addition of PEG 800000 would be that the entanglement of each polymer becomes firmer. Our previous method using a polyacrylamide coatedcapillary and the dynamic coating method without the addition of PEG 8000000 ( Fig. 1(b) ) cannot be used in conditions over pH 7 because EOF occurs slightly due to a partial breaking of the capillary coating. However, the dynamic coating method with the addition of PEG 8000000 can be used at pH 8.0. This composition of polymers, 0.5% (w/v) HEC, 1.0% (w/v) PEG 10000, and 0.1% (w/v) PEG 8000000, was used in all subsequent CE experiments.
Stability of dynamically coated capillary
CE experiments of 40 runs for the separation of Aldrich HA at pH 7.0 were performed. As seen in Fig. 1(c) , in the typical electropherogram of Aldrich HA obtained by the proposed method, three sharp peaks were observed around 2.5, 2.8, and 3.7 min, and a broad peak was seen around 3 -3.5 min. The migration time, tm, of the first peak of Aldrich HA (around 2.5 min) with both the proposed method and our previous method was investigated. The value of tm under the proposed method hardly changed through all CE runs. The relative standard deviation (RSD) of tm through 40 runs was 1.95%. In the case of using a polyacrylamide-coated capillary, the value of tm clearly increased when the run number was over 15. The increase in the value of tm indicates the generation of EOF due to the avulsion of the polyacrylamide coating through repeated experiments.
The proposed method showed significant improvement in routine CE experiments in turns of repeatability.
CE experiments for the separation of Aldrich HA by the proposed method at various pH levels were also performed. The RSD values of tm for the first peak of Aldrich HA at pH 7.0 -8.5 were summarized in Table 1 . Adequately low RSD values of less than 5% were obtained under pH 8.4, but RSD values were somewhat large at pH 8.5. The proposed method can be applied to the analysis of humic substances in slightly alkaline conditions under pH 8.4, which corresponds to the pH value of natural water samples, such as river water, and seawater. On the other hand, at pH 7.0, while an excellent RSD (1.89%) was obtained without the addition of PEG 8000000 as was case with the addition of PEG 8000000, at pH 8.0, RSD in the case without addition of PEG 8000000 deteriorated considerably to 11.52%. The addition of PEG 8000000 to the electrophoretic buffer solution allowed for the excellent reproducibility of the CE experiments and the stability of the capillary coating at higher pH conditions.
Separation of DNA ladder by the proposed method
The separation of DNA ladder was also performed by the proposed method. Figure 3 shows the electropherogram of the DNA ladder of 0.1 -20 kbp. Fourteen mutually separated peaks Fig. 2 Electropherograms of Aldrich HA by proposed method using an electrophoretic buffer solution of pH 8.0 containing 20 mM phosphate, 0.5% HEC, 1.0% PEG 10000, and 0.1% PEG 8000000 (a), and that without PEG 8000000 (b). Other conditions are the same as in Fig. 1(c) . were observed, and 15 kinds of DNA with different chain length were separated mutually except 10 and 20 kbp. The results show that the proposed method would be applicable for the separation of mixtures of DNA with different chain length. The migration order of the proposed method corresponded to the order of the chain length of DNA, same as that of capillary gel electrophoresis based on the molecular sieving effect of the gel matrix filled into the capillary. 20 It is, therefore, concluded that the separation of humic substances with the proposed method also would be essentially based on the molecular sieving effect of the mixed polymer matrix filled into the electrophoretic buffer solution.
Conclusions
A CE separation method for water-soluble humic substances with simple procedure and excellent separation performance was proposed. An aqueous solution of mixed non-ionic polymers with hydrogen bonding ability was used as both the dynamic coating agent for the fused-silica capillary inner wall and the molecular sieving medium for CE separation. The reproducibility of the proposed method is much higher than that of our previous method involving silane coupling treatment followed by polymerization reaction. High durability of the proposed method in slightly alkaline conditions above pH 8 is noteworthy. Because the pH of natural waters sometimes ranges over 8, the proposed method would be quite useful to characterize the state of humic substances in their usual pH condition in natural water samples.
We previously found that the morphological change of humic substances due to the complexation with metal ion could be observed as the change of the electropherogram patterns. 12 Of course, the proposed method would be applicable for the investigation of interactions of humic substances with coexisting materials including metal ions. The separation performance on the separation of 0.1 -2 kbp of DNA ladder by the proposed method showed that separation by the proposed method basically undergoes the molecular sieving effect of the mixed-polymer medium and that the proposed method was also applicable for the separation of analytes other than humic substances. Fig. 3 Electropherogram of DNA ladder (0.1 -20 kbp) by proposed method. Direct photometric detection of 214 nm was performed at anodic end of the capillary. Other conditions are the same as in Fig. 1(c) .
